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a  b  s  t  r  a  c  t
A  fundamental  question  connecting  terrestrial  ecology  and  global  climate  change  is  the sensitivity  of  key
terrestrial  biomes  to climatic  variability  and  change.  The  Amazon  region  is  such  a key biome:  it  contains
unparalleled  biological  diversity,  a globally  significant  store  of  organic  carbon,  and  it is a potent  engine
driving  global  cycles  of  water  and  energy.  The  importance  of  understanding  how  land  surface  dynamics
of  the Amazon  region  respond  to climatic  variability  and  change  is widely  appreciated,  but despite  sig-
nificant  recent  advances,  large gaps  in  our understanding  remain.  Understanding  of  energy  and  carbon
exchange  between  terrestrial  ecosystems  and the atmosphere  can  be  improved  through  direct  obser-
vations  and  experiments,  as  well  as  through  modeling  activities.  Land  surface/ecosystem  models  have
become  important  tools  for extrapolating  local  observations  and  understanding  to much  larger  terres-
trial  regions.  They  are  also  valuable  tools  to  test  hypothesis  on  ecosystem  functioning.  Funded  by  NASA
under  the  auspices  of the  LBA  (the  Large-Scale  Biosphere–Atmosphere  Experiment  in  Amazonia),  the
LBA  Data  Model  Intercomparison  Project  (LBA-DMIP)  uses  a comprehensive  data  set from  an  observa-
tional  network  of flux  towers  across  the  Amazon,  and an  ecosystem  modeling  community  engaged  in
ongoing  studies  using  a suite  of  different  land  surface  and  terrestrial  ecosystem  models  to  understand
Amazon  forest  function.  Here  an  overview  of  this  project  is  presented  accompanied  by a description  of
the  measurement  sites,  data,  models  and  protocol.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction
The Amazon basin contains the largest area of extant tropi-
cal forest on Earth, containing up to 10% of terrestrial biomass
(Houghton et al., 2001). Inversion studies suggest tropical Ama-
zonia is a small source of CO2 to the atmosphere, but uncertainty
around this source is so large that in reality the sign of the net flux
term is not known (Gurney et al., 2002; Stephens et al., 2007). The
net flux is the residual of two large gross fluxes (photosynthetic
and respiratory), and influences global CO2 dynamics. It has been
shown that tropical South America exerts considerable influence on
global atmospheric CO2 growth rates (Baker et al., 2006; Bousquet
et al., 2000; Rayner et al., 1999; Rödenbeck et al., 2003). Large sur-
face fluxes influence weather both locally (Fu and Li, 2004; Harper
et al., 2010; Li and Fu, 2004) and globally (Werth and Avissar, 2002).
Clearly, tropical South America plays a significant role in the global
circulation and carbon cycle.
Some modeling studies have suggested that within the next
100 years, anthropogenic climate change may  force a conversion
in tropical South America from evergreen forest to seasonal for-
est, savanna or grassland (Betts et al., 2004; Cox et al., 2000,
2004; Huntingford et al., 2004, 2008). Under this scenario, carbon
released from storage pools to the atmosphere during conversion
will impose further changes in radiative forcing in a positive feed-
back (IPCC, 2007). Other models simulate a continuation of forest
function through the end of the 21st century (Friedlingstein et al.,
2006).
In a study of climate models participating in the IPCC AR4, Li et al.
(2006) found that only 3, of the 11 models studied, predicted reduc-
tions in South American precipitation and associated conversion
of vegetation type. No significant change in precipitation was  pre-
dicted in 3 models, and 5 predicted an increase in precipitation over
Amazonia. Of the models that do predict vegetation conversion,
there is no consensus on the spatial, temporal, and phenological
nature of the conversion (Malhi et al., 2008; Salazar et al., 2007).
Since current knowledge is insufficient to resolve the discrepant
predictions, it is critical that we better understand the mechanisms
of present day forest–climate interactions in Amazonia if we  are to
understand forest response to future climatic changes. For example,
aside from the increase in fires in Amazonia induced by El Nin˜o
scale droughts, confident prediction of even the sign of intact forest
carbon cycle responses to such droughts is currently not possible.
On annual timescales, ecosystem and land surface models have
generally predicted dry-season declines in photosynthesis and/or
evapotranspiration in Amazonia (Botta et al., 2002; Dickinson and
Henderson-Sellers, 1988; Lee et al., 2005; Nobre et al., 1991; Tian
et al., 2000; Werth and Avissar, 2002). But an accumulating suite of
direct observations now suggests a different picture: evapotrans-
piration and photosynthesis in central Amazonia are not uniformly
water-limited, at least up to seasonal time scales, but are driven by
available energy and sunlight in wetter regions, with water avail-
ability playing a larger role where precipitation is less (Costa et al.,
2010; da Rocha et al., 2004; Fisher et al., 2009; Saleska et al., 2003;
Souza Filho et al., 2005) (Fig. 1).
Understanding of energy and carbon exchange between ter-
restrial ecosystems and the atmosphere can be improved through
direct observations and experiments, as well as through modeling
activities. Land surface/ecosystem models have become an impor-
tant tool for extrapolating local observations and understanding
to much larger terrestrial regions. They are also valuable tools to
test hypotheses of ecosystem functioning. In this study the ques-
tion of sensitivity of Amazonia to climate variation is addressed
by means of a detailed data and model intercomparison project.
This project leverages two  key legacies of the LBA (the Large-Scale
Biosphere–Atmosphere Experiment in Amazonia): a comprehen-
sive data set from an observational network of flux towers across
Amazonia, and a modeling community engaged in ongoing stud-
ies using a suite of different land surface and terrestrial ecosystem
models to understand Amazon forest function. This comprehensive
data set of meteorological data, carbon, energy and water fluxes
from sites across Amazonia was used to drive and evaluate the per-
formance of various land surface models whose simulations were
brought to this project by a broad community of collaborators. As a
result, a comparison of ecosystem model simulations of terrestrial
energy, water and CO2 fluxes with long-term observations of these
quantities over the area of Amazonia was  performed in order to
understand how well these models quantify the land surface pro-
cess and to assess deficiencies in the models and how they could
be improved.
The primary goal of this project is to synthesize and com-
pare the 21 participating land surface ecosystem models to assess
current understanding of the energy, water and carbon cycle in
Amazonia; a secondary goal is to use our acquired understand-
ing of inter-model differences to generate precise hypotheses that
can be tested by future observations and thereby identify mecha-
nisms to improve model performance. To achieve these goals, the
LBA-DMIP project was divided into two phases: a site level inter-
comparison where the models were run only at the tower sites
and a regional intercomparison where the models were forced by
regional atmospheric data sets. Here we  present an overview of
the first phase of LBA-DMIP, as an introduction to the papers that
follow.
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Fig. 1. Local-scale (A) evapotranspiration (ET) and (B) GPP as originally modeled by IBIS (brown line, Botta et al., 2002) and NCAR GCM + Community Land Model (blue line,
Lee et al., 2005), and as observed (±SD across years 2002-2004, shaded areas) from eddy tower in Tapajos National Forest (km 67 site). MODIS EVI (average 2000–2004, black
squares) is plotted with GPP in (B). Models show dry-season declines, in contrast to observations from both satellite and eddy towers. (C) GPP and EVI in a pasture/agricultural
area  (km 77 site) that has opposite seasonality from nearby (12 km distant) forest site in (B). (For interpretation of the references to color in this figure legend, the reader is
referred to the web  version of the article.)
The experiments consisted of uncoupled land surface model
simulations forced by standardized atmospheric variables mea-
sured at eight sites across the Amazon region as shown in Fig. 2,
where each site represents a different biome or a variant of it result-
ing from disturbance. Section 2 describes the eight sites used in the
project. Section 3 describes the gap-filled and quality controlled
data, which span eight years of observations. Section 4 presents a
detailed description of the 23 different models and their variants
that participated in the LBA-DMIP experiments. A detailed com-
mon  protocol for driving models and reporting simulation results
has been produced and its full version is given in Appendix A.
2. Site descriptions
The sites include four evergreen broadleaf forests, a deciduous
broadleaf forest, a savanna site, and two pastures. Seven of the eight
sites are in Brazilian Amazonia, while a savanna site in the state of
São Paulo was also included (Fig. 2).
The evergreen broadleaf forests sites are in the Reserva Biológ-
ica do Cuieiras (Cueiras Biological Reserve) near Manaus, Amazonas
(the K34 tower); the Floresta Nacional do Tapajós (Tapajós National
Forest) near Santarém, Pará (the K67 and K83 towers); the Reserva
Jarú (Jarú Reserve) (the RJA tower) located near Ji-Paraná, Rondô-
nia. Manaus K34 is the most western of the central Amazonian
sites and is located 60 km north of the city of Manaus (Araújo
et al., 2002); it has a dry season from July through September.
The Santarém (K67 and K83) forest experimental sites are near
the confluence of the Tapajós and Amazon rivers (Hutyra et al.,
2007; Miller et al., 2004; Saleska et al., 2003). K67 is in an undis-
turbed primary forest, but at the K83 site about 15% of the trees
with diameter at breast height greater than 35 cm were selectively
logged over a 700-ha area during three months starting September
2001 (Figueira et al., 2008; Miller et al., 2007). The Jaru Biological
Fig. 2. Flux sites spatial distribution across different ecosystems of Amazonia.
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Table  1
Characterization for the eddy covariance tower sites providing driver data for LBA-DMIP (see “Important Note on Data-Use Policy,” on the LBA-DMIP Protocol in Appendix A).
Bananal  Island (BAN) also known as JAV: da Rocha, H. (USP, Brazil) (Borma et al., 2009); Manaus Km34 (K34): Manzi, A., Nobre, A. (INPA, Brazil) (Araújo et al., 2002); Santarem
Km67  (K67): Wofsy, S. (Harvard University, USA), Saleska, S. (UofA, USA), Camargo, A. (CENA/USP, Brazil) (Hutyra et al., 2007; Saleska et al., 2003); Santarem Km83 (K83):
Goulden M.  (UC Irvine, USA), Miller, S. (SUNY, Albany, USA), da Rocha, H. (USP, Brazil). (da Rocha et al., 2004; Goulden et al., 2004; Miller et al., 2004); Santarem Km77 (K77):
Fitzjarrald, D. (SUNY, Albany, USA) (Sakai et al., 2004); Reserva Jaru (RJA): Manzi, A. (INPA, Brasil), Cardoso, F. (UFR, Brazil) (Kruijt et al., 2004; von Randow et al., 2004);
Fazenda Nossa Senhora (FNS): Waterloo, M.  (Vrije Universiteit Amsterdam, The Netherlands), Manzi, A. (INPA, Brazil) (von Randow et al., 2004); Reserva Pe-de-Gigante (PDG):
da  Rocha, H. (USP, Brazil) (da Rocha et al., 2002).
ID Short code Site name Longitude [◦] Latitude [◦] Elevation [m]  Tower height [m]  Biome type IGBP class
1 BAN Bananal Island −50.1591 −09.8244 120 40 Forest–savanna 4
2  K34 Manaus KM34 −60.2093 −02.6091 130 50 Tropical rainforest 2
3  K67 Santarem KM67 −54.9589 −02.8567 130 63 Moist tropical
forest
2
4  K77 Santarem KM77 −54.5365 −03.0119 130 18 Pasture-agriculture 12
5  K83 Santarem KM83 −54.9714 −03.0180 130 64 Selectively logged
moist tropical
forest
2
6  RJA Reserva Jaru −61.9309 −10.0832 191 60 Tropical dry forest 2
7  FNS Fazenda Nossa Senhora −62.3572 −10.7618 306 8.5 Pasture 12
8  PDG Reserva Pe-de-Gigante −47.6499 −21.6195 690 21 Savanna 9
Reserve site (RJA) is located about 80 km north of Ji-Paraná, Rondô-
nia (Culf et al., 1996). The area contains seasonally dry tropical
forest with relatively closed canopy structure and emergent trees.
Understory vegetation of only a few meters height consists mainly
of palms (Rottenberger et al., 2004). The mean canopy height is
30 m,  but the tallest emergent trees reach 44 m (McWilliam et al.,
1996).
The deciduous broadleaf forest site is in Ilha do Bananal (BAN).
It is a seasonally flooded (forest) ecotone located in the state of
Tocantins (Borma et al., 2009) with a 5-month dry season from
May  through September.
The savanna site is in Reserva Pé-de-Gigante in São Paulo state
(PDG savanna tower). Vegetation is a tropical woodland savanna
(cerrado) located outside the Amazon basin (da Rocha et al., 2002).
It has the longest dry season period of all the sites studied, i.e.,
6 months, from April through September. Although this is not
an Amazonian site, it has been included in the experiment to
allow the assessment of model performance in the cerrado ecosys-
tem.
The pasture sites are the Santarém K77 site and the Rondônia
Fazenda Nossa Senhora da Aparecida (FNS) site. K77 is in a previ-
ously forested area that had been converted to pasture (grassland).
The forest was cleared in 1990, after which the field was planted
with the grass Brachiaria brizantha. In November 2001 the site was
burned and plowed for rice cultivation (Fitzjarrald and Sakai, 2010;
Sakai et al., 2004). FNS is a cleared forest located about 30 km
northwest of Ji-Paraná (von Randow et al., 2004). This site is in the
center of a deforested area with an approximate radius of 50 km –
deforestation was caused by a fire in 1977 to clear land for crop cul-
tivation. Since the early 1980s the area has been uniformly covered
by B. brizantha. The climate there is characterized by annual mean
air temperature ranging from 23 to 26 ◦C, monthly mean precipi-
tation greater than 200 mm from November to April, but less than
20 mm from July to August – and usually less than 5 mm  in July
(Nobre et al., 1996).
Table 1 presents the main site characteristics while soil proper-
ties (textures) for each site are shown in Table 2.
3. Meteorological and flux data
Data are available for three consecutive years for most sites but
the period of collection varies from site to site. Santarém K77 has
the longest data set of five years whereas at the Pé-de-Gigante
(PDG) site there are only two  years of data. The data collection
period for all sites is between 1999 and 2006. Dry seasons are
here defined for all sites as the months with less than 100 mm
of long-term mean monthly precipitation (Rosolem et al., 2008),
except in the case of the PDG following da Rocha et al. (2009) as
the months of April through September. At all sites the dry season
is characterized by higher temperatures and an increase in down-
ward shortwave radiation, the exception being PDG where seasonal
variations are characteristic of sub-tropical sites with a winter dry
season when both temperature and downward shortwave radia-
tion are relatively small (da Rocha et al., 2009).
A number of steps were undertaken to accomplish the proposed
objectives of the LBA-DMIP, as follows: (a) meteorological and flux
data were acquired from a network of meteorological stations and
eddy covariance flux systems in Brazilian Amazonia, to provide a
consistently filled continuous data set for driving models; (b) the
processed and quality controlled data were used to drive the suite of
models; (c) the behavior of the model simulations was compared
across models and biomes and (d) the flux observations from (a)
were used to test and improve vegetation models of Amazonian
carbon and water cycling, for application to projections of climate
effects on Amazonian forests. Therefore the core of the LBA-DMIP
work used observational evidence – from a variety of ecosystem
Table 2
Site characterization based on soil texture observations: BAN: da Rocha, H., personal communication (email February 4, 2009); K34: Chambers et al. (2001); K67: Williams
et  al. (2002); K83: Keller et al. (2005); K77: same as K83; RJA: Andreae et al. (2002); FNS: same as RJA; PDG: da Rocha, H., personal communication (email February 4, 2009).
ID Short code % sand % silt % clay Vegetation cover fraction Canopy height [m]
1 BAN 24 39 37 0.98 16
2  K34 20 12 68 0.98 35
3  K67 2 8 90 0.98 35
4  K77 18 2 80 0–0.8 0–0.6
5  K83 18 2 80 0.98 35
6  RJA 80 10 10 0.98 30
7  FNS 80 10 10 0.85 0.2–0.5
8  PDG 85 12 3 0.80 12
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Table  3
Site-specific availability of continuously filled driver data.
1999 2000 2001 2002 2003 2004 2005 2006
BAN
K34
K67
K77
K83
RJA
FNS
PDG
fluxes observed by towers (and where possible, vegetation demog-
raphy and forest structure) – to drive and test a comprehensive
suite of models of Amazonian ecosystem functions.
Continuous driver variables (radiation, temperature, wind, etc.)
were created using ALMA-compliant and consistently filled mete-
orological observations from the eight LBA flux towers described
above. ALMA (Assistance for Land-surface Modelling activities)
refers to a convention for exchange of data and metadata between
land-surface modeling groups that was designed to facilitate con-
sistency and stability, while remaining flexible to future needs (see
http://www.lmd.jussieu.fr/∼polcher/ALMA for additional details
about ALMA). Detailed information about the Principal Investiga-
tors (PI) and data references for these tower sites can be found in
Appendix A (please refer to “Important Note on Data-Use Policy”).
The atmospheric forcing data sets are for periods between 1999 and
2006, the exact time coverage being determined by site-specific
data availability as shown in Table 3. The atmospheric variables
(forcings) chosen were air temperature, specific humidity, wind
speed, downward long wave radiation at the top of the canopy,
surface pressure, precipitation, downward shortwave radiation at
the top of the canopy and CO2 concentration (set to 375 ppm). The
drivers were provided on a 1-h time-step, linearly interpolated to
adjust to each individual model time-step (except for solar radia-
tion, where an interpolation based on the sun zenith angle is more
appropriate).
Selected summary statistics for the driver data are presented in
Table 4. The forest–savanna site BAN was the warmest, with a mean
annual air temperature of 26.4 ◦C over its period of record, while
the savanna site PDG was the coolest at 22.5 ◦C. Forest sites K34
and RJA were the wettest, with annual mean rainfall totals exceed-
ing 2000 mm,  whereas PDG was driest, with an annual rainfall of
less than 1300 mm.  Associated statistics on gap frequency (Table 4)
indicate that data from BAN, K67, FNS and PDG required virtually
no gap filling, while both air temperature and precipitation data
were missing from K34 and K77 more than 5% of the time. Frequent
gaps were found individually in the precipitation and temperature
data sets at K83 and RJA, respectively, indicating some degree of
independence in gap frequency with respect to data type.
4. Model descriptions
The first phase of the LBA-DMIP simulations included 21
different land surface/ecosystem models representing processes
controlling energy, water and carbon cycle dynamics; however, the
level of detail with which processes are represented varies across
models. Whereas some models are empirically or statistically based
with relatively simple relationships between driver variables and
fluxes, others are more complex, simulating the coupled carbon,
nutrient, and water cycles in terrestrial ecosystems. Models also
differ in their representation of soil properties, vegetation type, and
environmental forcings, as well as the initialization of carbon pools.
Here we  divide the models into three different categories based
on their feature sets. Nine models contained non-dynamic rep-
resentations of vegetation, at time scales varying from hourly to
monthly. Of these, five shared the Simple Biosphere Model (SiB –
Sellers et al., 1986) as their heritage. Five models included dynamic
vegetation and carbon fluxes. An additional six simulated dynamic
vegetation, carbon fluxes and nitrogen cycling. See Table 5 for a
brief summary of the suite of models used in the LBA-DMIP.
4.1. Models that simulate non-dynamic vegetation
4.1.1. Simple Biosphere Model (SiB) variants
For LBA-DMIP, five model formulations shared the Simple Bio-
sphere Model (SiB) as their heritage. The SiB model was originally
introduced by Sellers et al. (1986), and was  conceived as a lower
boundary for Atmospheric General Circulation Models (AGCMs).
The Simplified SiB (SSiB) was  designed by Xue et al. (1991) to reduce
the physical parameters of SiB, while increasing computational effi-
ciency. It included Jarvis’s (1976) empirical approach to estimating
stomatal conductance, and did not consider photosynthesis.
The SiB2 model (Sellers et al., 1996) extended the SiB LSM
(Sellers et al., 1986), by adding a photosynthesis model and incorpo-
rating satellite-based prescription of vegetation phenology, while
simplifying its vegetation model by reducing the number of canopy
layers from two to one. Its photosynthesis model uses the equa-
tions of Farquhar et al. (1980) and Collatz et al. (1991) for C3 plants,
Table 4
Summary statistics of driver data.
Air temperature Precipitation
Annual mean (◦C) Annual mean
percentage gap-filled
Annual mean (mm) Annual mean
percentage gap-filled
BAN 26.4 0.0 1680.0 0.1
K34  25.6 19.5 2418.5 28.4
K67  25.3 0.0 1597.1 0.3
K77  26.3 6.1 1597.5 7.6
K83  25.9 0.0 1656.2 4.8
RJA  25.1 12.2 2352.9 0.8
FNS  24.7 0.0 1743.9 1.4
PDG  22.5 0.0 1284.6 0.0
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Table  5
Summary of models used in the point-based LBA-DMIP simulations.
LBA-DMIP
model code
Model name Affiliation(s) of
investigator(s)
Key reference Energy fluxes
(Y/N)?
Water fluxes
(Y/N)?
Carbon model
(Y/N)?
Nitrogen
model (Y/N)?
Dynamic
vegetation (Y/N)?
A SiB2 Federal
University of
Santa Maria
Sellers et al.
(1996)
Y Y Y N N
B  SiB2 (modified) University of
São Paulo
da Rocha et al.
(1996)
Y Y Y N N
C  SSiB2 Princeton
University
Zhan et al.
(2003)
Y Y Y N N
D  SiB3 Colorado State
University
Baker et al.
(2008)
Y Y Y N N
E  SiBCASA National Snow
and Ice Data
Center
Schaefer et al.
(2008)
Y Y Y N N
F  PT-JPL Jet Propulsion
Laboratory
Fisher et al.
(2008)
Y N N N N
G  H-TESSEL Royal
Netherlands
Meteorological
Institute
Balsamo et al.
(2009)
Y Y N N N
H  LEAF-Hydro Universidade
de Santiago de
Compostela
Miguez-Macho
et al. (2007)
Y Y N N N
I  CN-CLASS McMaster
University
Arain et al.
(2006)
Y Y Y Y N
J  JULES University of
Leeds
Clark et al.
(2011)
Y Y Y N Y
K  Noah-MP University of
Texas
Niu et al.
(2011)
Y Y Y N Y
L  LPJ-WSL Labatoire des
Sciences du
Climat et
l’Environment
Sitch et al.
(2003)
Y N Y N Y
M  ORCHIDEE Ghent
University
Krinner et al.
(2005)
Y Y Y N Y
N  CLM3.5 University of
Arizona
Oleson et al.
(2004)
Y Y Y N N
O  CLM-DGVM University of
Arizona
Levis et al.
(2004)
Y Y Y N Y
P  CLM4CN University of
Texas
Lawrence et al.
(2011)
Y Y Y Y N
Q  IBIS Universidade
Federal de
Vic¸ osa
Kucharik et al.
(2000)
Y Y Y Y Y
R  ISAM University of
Illinois
Yang et al.
(2009)
Y Y Y Y Y
S  DLEM Auburn
University
Tian et al.
(2010a)
Y Y Y Y Y
T  Biome-BGC Fukushima
University
Thornton et al.
(2002)
Y Y Y Y Y
U  ED2 Harvard
University
Medvigy et al.
(2009)
Y Y Y Y Y
and those of Collatz et al. (1992) for C4 plants. Canopy conduc-
tance follows the methodology of Ball (1988). Fluxes are computed
using resistance analogs, so transpiration is determined by the gra-
dient between the saturation vapor pressure of the internal canopy
stomata (assuming saturation) and the ambient air, divided by the
combined canopy and boundary layer resistances, and scaled by
the canopy dry fraction. Only autotrophic respiration of the canopy
is considered, and is calculated as a fixed fraction of the maximum
leaf photosynthesis rate, which is itself constrained by functions of
temperature and soil moisture. The soil is treated as a three-layer
substrate, consisting of surface, root, and recharge zones, where
direct evaporation occurs, plant roots access moisture, and base-
flow plus upward recharge take place, respectively. Phenology and
albedo are prescribed from satellite data, and SiB2 contains no
biopools or soil pools. Similarly, vegetation dynamics and disturb-
ance are not represented.
A modified version of SiB2 used in LBA-DMIP is specifically cal-
ibrated for use within Brazilian biomes (da Rocha et al., 1996).
Photosynthesis, conductance and transpiration are calculated in
essentially the same way  as the original model formulation, with
slight modifications related to calibration. The characterization of
soil layers is different. The three layers of SiB2 are still present, but
the root zone is divided into eight strata, giving a total of 10 soil
layers. Phenology dynamics and albedo are still prescribed from
satellite (or measured) data, although the equations that parame-
terize the incident long-wave radiation and the energy balance
have been modified in order to calibrate them to the primary Brazil-
ian biomes (da Rocha et al., 1996). As with the original SiB2 model,
carbon pools and vegetation dynamics are not considered.
The SSIB2 model (Xue et al., 1991; Zhan et al., 2003) also owes its
heritage to SiB, but its formulation reduces the number of physical
parameters (like SiB2) and improves computational efficiency. It
uses equations similar to those of SiB2 to compute photosynthesis
and conductance (Collatz et al., 1991, 1992), with two  impor-
tant distinctions: a) rather than the iterative solution of Sellers
et al. (1996a), which is computationally expensive and numeri-
cally unstable under certain environmental conditions, it employs
a semi-analytical solution and b) it applies Collatz et al.’s (1991,
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1992) model separately for sunlit and shaded leaves. Similar to
the formulation in SiB2, moisture flux due to canopy transpira-
tion is calculated using a resistance analog where the potential
is represented by the gradient between saturation vapor pressure
of the canopy and vapor pressure of the canopy air space, along
with a prognostically calculated canopy resistance. Autotrophic
respiration is explicitly calculated as a function of air tempera-
ture, soil moisture, surface-incident shortwave radiation, relative
humidity, CO2 and leaf-area index (LAI), and heterotrophic respira-
tion is not estimated. For its soil model, SSiB2 recognizes 3 layers:
surface (0–2 cm), rooting zone (2–150 cm)  and drainage/recharge
(150–350 cm). As with SiB2, SSiB2 uses satellite data to prescribe
its vegetation phenology and albedo. Similarly, the SSiB2 model
contains no carbon pools or representation of vegetation dynam-
ics/disturbance.
SiB3 includes several updates to the SiB2 model. Since its
introduction, SiB2 has been modified in order to addressed
tiling/multiple physiology types (Hanan et al., 2005), prognostic
canopy air space (Baker et al., 2003; Vidale and Stöckli, 2005), and
tropical forest ecosystems (Baker et al., 2008). As with SiB2, simu-
lated photosynthesis is based on enzyme kinetics (Farquhar et al.,
1980), and stomatal conductance couples carbon assimilation to
the overall surface energy budget (Collatz et al., 1991, 1992; Randall
et al., 1996; Sellers et al., 1996). Stomatal regulation is controlled
following the Ball–Berry equations (Ball et al., 1987), with canopy
transpiration calculated explicitly on a leaf-level using stomatal
conductance and turbulent exchange as described by Sellers et al.
(1996). Leaf-to-canopy scaling follows Sellers (1985). Respiration
is scaled to balance photosynthesis, following Denning et al. (1996)
wherein total respiration is partitioned equally into heterotrophic
and autotrophic components, dependent upon soil moisture/soil
temperature and fraction of photosynthetically absorbed radiation
(fPAR) respectively. The modeled soil depth is 10 m (Baker et al.,
2008) and rooting depth follows Jackson et al. (1996). Although
SiB3 does not calculate explicit pools, it does parameterize total
respiration to balance gross primary productivity (GPP) over the
long term. Dynamic vegetation processes, such as succession or
vegetation type conversion following disturbance, are not repre-
sented. Smaller disturbance is implicitly introduced into the model
code through variability in satellite-retrieved spectral indices such
as normalized difference vegetation index (NDVI).
The Simple Biosphere/Carnegie-Ames-Stanford Approach (SiB-
CASA) model (Schaefer et al., 2008, 2009) combines the
photosynthesis and biophysical calculations of SiB3 (Baker et al.,
2008; Sellers et al., 1996) with the biogeochemistry from CASA
(Potter et al., 1993). The photosynthesis and conductance models
are similar to SiB2 and consist of a modified Ball–Berry stomatal
conductance model (Ball, 1988; Collatz et al., 1991) coupled to a C3
enzyme kinetic model (Farquhar et al., 1980) and a C4 photosynthe-
sis model (Collatz et al., 1992). Canopy transpiration is estimated
in the same way as SiB3 (Baker et al., 2008). A “Nonstructural Car-
bohydrates” pool allows SiBCASA to accumulate starch until it is
needed, and so SiBCASA has dynamic allocation of carbon between
leaf, root, and wood growth. The storage pool and dynamic GPP allo-
cation permit explicit estimation of autotrophic respiration, while
heterotrophic respiration is computed using the approach of CASA
(Potter et al., 1993). With respect to the soil model, SiBCASA’s soil
column is 15 m deep, and is divided into 25 layers. The soil ther-
modynamic model accounts for the effects of organic matter on
soil physical properties (Schaefer et al., 2009). SiBCASA’s pheno-
logy model is semi-prognostic, meaning there is a prognostic leaf
biomass and canopy model, but the fPAR is derived from satellite
data. SiBCASA has 13 carbon pools, consisting of biomass (leaf, root
and woody), surface, soil and storage pools. The model accounts for
vegetation dynamics via its semi-prognostic phenology (it is still
included in this LBA-DMIP model group due to its clear connection
to the original SiB); however, disturbance is not treated and SiB-
CASA does not account for competition between species or biome
types.
4.1.2. Other models that simulate non-dynamic vegetation
Four additional models that simulated only fluxes participated
in the LBA-DMIP. They are discussed separately here as they are
not direct descendants of the Simple Biosphere Model. This group
consists of PT-JPL, H-TESSEL, LEAF-Hydro and CN-CLASS.
The PT-JPL model (Fisher et al., 2008) is a remote sensing-based
algorithm designed to retrieve latent heat fluxes (LE). It is based on
the Priestley–Taylor (1972) potential evapotranspiration equation,
into which Fisher et al. incorporate ecophysiological constraints
to reduce potential to actual evapotranspiration. These constraints
are functions of atmospheric moisture (vapor pressure deficit and
relative humidity) and vegetation indices, specifically NDVI and
SAVI (soil-adjusted vegetation index). Because of the foundation
of the Priestley–Taylor equation, an advantage of PT-JPL is that it
does not require explicit parameterization of stomatal or aerody-
namic conductance, which would require a number of assumptions
to do so from satellite sensor data. Instead, the complementary
hypothesis is invoked so that the constraint functions represent the
limits that the resistances would otherwise specify. Canopy tran-
spiration is explicitly calculated starting with the Priestley–Taylor
equation, then reducing it with multiplicative constraint functions:
relative surface dryness by green canopy fraction; plant temper-
ature constraint; and plant moisture constraint. The model does
not consider respiration, and rooting distribution (and subsequent
soil moisture) is not required by PT-JPL. Phenology is represented
through the temporal sequence and maxima-to-temperature (e.g.,
optimal growth temperature) pairing using remotely sensed vege-
tation indices (e.g., NDVI, SAVI). The concepts of carbon pools and
vegetation dynamics are not applicable to PT-JPL.
The H-TESSEL (Hydrological-Tiled ECMWF  Scheme for Surface
Exchange over Land (Balsamo et al., 2009)) model originates from
the TESSEL scheme (van den Hurk et al., 2000). The land surface in
each tiled atmospheric model grid cell is partitioned amongst bare
soil, low and high vegetation, intercepted water, and shaded and
exposed snow pack components. For each tile a separate surface
energy balance is calculated, but the model has neither represen-
tation of dynamic vegetation nor cycling of carbon. H-TESSEL does
not consider photosynthetic activity, but it does use a Jarvis (1976)
approach for modeling stomatal conductance. The canopy tran-
spiration flux is estimated via a resistance analog. This resistance
depends on plant functional type (PFT) and LAI, and is dynami-
cally adjusted depending on available soil moisture, radiation and
atmospheric vapor pressure deficit. Respiration is not considered
by H-TESSEL. The model’s soil is a four-layer column with a root
distribution that is defined by PFT-specific exponential equations
(Zeng, 2001). The version of H-TESSEL used in the LBA-DMIP project
does not consider phenology, biopools or vegetation dynamics.
The LEAF-Hydro model is based on version 2 of LEAF
(Land-Ecosystem–Atmosphere-Feedback), the soil–vegetation–
atmosphere-transfer scheme in RAMS (Regional Atmosphere Mod-
eling System), a regional climate model developed at Colorado
State University. A detailed description of LEAF is given in Walko
et al. (2000), with LEAF-Hydro incorporating several hydrological
enhancements (Miguez-Macho et al., 2007). These include addi-
tion of a prognostic groundwater table, river flow and two-way
exchanges of the groundwater store with soil, vegetation and rivers.
The model does not simulate photosynthesis; however, it does
include a stomatal conductance model, which is described by Lee
(1992). Transpiration flux is estimated using a resistance analog,
considering the resistance between canopy air space and bound-
ary layer, adjusted by a relative stomatal conductance (Lee et al.,
1993). The model does not characterize respiration. For LBA-DMIP,
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two soil parameterizations have been used; one set of model runs
without a water table and another with a water table. In the absence
of an explicitly represented water table, gravitational drainage is
the boundary condition at the bottom of the soil column, which is
2.5 m deep. For model runs with a water table, the soil column is
4 m deep. Vegetation phenology is prescribed based on static vege-
tation type. The albedo is a mix  of prescribed vegetation albedo and
the bare soil albedo, which depends on soil moisture. Since LEAF
does not contain vegetation dynamics, biopools are not present in
the model.
The Canadian Land Surface Scheme (CLASS) is a process-
based model originally developed by the Meteorological Service
of Canada for coupling with the Canadian Global Climate Model
(CGCM) and Regional Climate Model (Verseghy, 2000). The Carbon-
and-Nitrogen coupled version (CN-CLASS) was developed by
incorporating plant and soil carbon, and nitrogen cycle algorithms
into CLASS (Arain et al., 2006). CN-CLASS simulates ecological,
biophysical and physiological processes (Yuan et al., 2008). Pho-
tosynthesis is simulated for sunlit and shaded canopy elements
separately (Farquhar et al., 1980), with Vcmax a PFT-dependent
function of total RuBisCo-related nitrogen and leaf-area index.
Canopy conductance is estimated using a modified form of a
Ball–Woodrow–Berry formulation that includes root zone water
content effects. CN-CLASS models transpiration via a resistance
analog (Verseghy et al., 1993). Autotrophic respiration includes
maintenance and growth respiration. Maintenance respiration is a
function of live biomass, respiration rate at reference temperature,
and temperature sensitivity, employing separate Q10 temperature
functions for leaf, stem and root carbon pools. The growth respira-
tion is assumed to be a fixed portion of the net carbon assimilation,
after deducting maintenance respiration. Heterotrophic respiration
is a function of organic carbon per unit ground area, with a tem-
perature sensitivity defined by a Q10 coefficient, using root zone
soil temperature and water content. It is calculated as the sum of
CO2 released from the surface litter layer and the two  soil organic
matter pools, i.e., “short-lived” and “stable” (Arain et al., 2006). For
the LBA-DMIP simulations, the soil column consists of 3 layers that
extend to a depth of 4 m.  Canopy phenology is prognostic, using
thermal formulations (growing degree-days) to determine new
leaf growth, with leaf area determination following pipe theory
(Shinozaki et al., 1964). Leaf growth is constrained by the sup-
ply of assimilate and the transfer of carbon from the assimilate
reservoir. Vegetation albedo is calculated as a mean of the values
prescribed for each PFT present in the area of interest, weighted by
their proportional representation. CN-CLASS contains four vegeta-
tion pools (non-structural, leaf, stem and root) and three soil pools
(litter, short-lived soil organic matter and stable soil organic mat-
ter) (Arain et al., 2006). The version of CN-CLASS used in LBA-DMIP
does not include dynamic vegetation.
4.2. Models that simulate dynamic vegetation and carbon fluxes
There were several model participants in the LBA-DMIP that
employed both dynamic vegetation and carbon flux components,
but did not include nitrogen cycling: JULES, Noah-MP, LPJ-wsl,
ORCHIDEE and CLM3.5/CLM-DGVM.
The Joint UK Land Environment Simulator (JULES) model (Clark
et al., 2011) is the UK community land surface scheme and is based
on the Meteorological Office Surface Exchange Scheme (MOSES)
model that has traditionally been used as the land-surface model in
the Hadley Centre’s climate models. JULES currently is run in com-
bination with the Top-down Representation of Interactive Foliage
and Flora Inducing Dynamics (TRIFFID) dynamic vegetation model
(Cox, 2001). Photosynthesis is calculated based on the work of
Collatz et al. (1991, 1992). Stomatal conductance is coupled to pho-
tosynthesis using the approach of Jacobs (1994), which is similar
to Leuning’s (1995) modification of Ball et al. (1987). A variant
of the Penman–Monteith equation is used to derive evapotrans-
piration, given the aerodynamic and canopy conductances for a
given PFT. Maintenance respiration is a function of dark respiration
and plant nitrogen content (leaves, roots and stems), while growth
respiration is a PFT-dependent fixed fraction of maintenance respi-
ration. Soil respiration is estimated as a function of the soil’s carbon
concentration, moisture content and a Q10 temperature function
(Cox, 2001). The JULES soil column is 3.0 m deep and consists of
four layers, with PFT-specific rooting distributions. JULES’s canopy
phenology is dynamic, with budburst and leaf drop dependent on
temperature (Cox, 2001). Surface albedo is calculated as a weighted
sum of the spatially prescribed soil albedo and the PFT-prescribed
maximum canopy albedo (Cox, 2001). The model’s plant carbon
pools consist of leaf, root and stem components. Contributions to
the litter carbon are derived from the turnover of leaves, roots
and stems, as well as a large-scale disturbance term. JULES’s use
of the TRIFFID DGVM involves a unique Lotka–Volterra population
dynamics approach to inter- and intra-species competition (Cox,
2001).
The Noah land surface model with Multi-Parameterization
options (Noah-MP) was developed from the original Noah model
through community efforts headed by the University of Texas
at Austin, the National Centers for Environmental Prediction
(NCEP) and the National Center for Atmospheric Research (NCAR).
Noah-MP is improved in terms of its mathematical formulations,
conceptual realism in biophysical and hydrological processes, and
by introducing a framework for multiple options to parameter-
ize selected processes. Relevant feature enhancements include
its treatment of the vegetation canopy energy balance, soil
moisture–groundwater interaction and related runoff produc-
tion, and vegetation phenology. For the LBA-DMIP simulations, it
employs a Jarvis type stomatal conductance scheme (Chen et al.,
1996; Jarvis, 1976) that relates stomatal conductance to photosyn-
thesis of sunlit and shaded leaves (Niu et al., 2011). Calculation of
canopy transpiration employs a resistance analog, and it considers
separately sunlit vs. shaded vegetation fractions (Niu et al., 2011).
Plant maintenance respiration accounts for respiration from leaves,
roots, stems and wood, and is a function of a PFT-prescribed main-
tenance respiration rate, temperature, nitrogen concentration,
moisture availability and a respiration reduction factor. Growth
respiration for plant tissues derives from prescribed fractions of
maintenance respiration. Noah-MP estimates heterotrophic respi-
ration as a function of a soil water and temperature factors for
microbial respiration (Yang and Niu, 2003). For the LBA-DMIP runs,
the model’s soil column is 2 m deep, and consists of four lay-
ers. Carbon flux due to leaf phenology is formulated in terms of
leaf turnover rate (due to temperature stress, moisture limitation,
mechanical loss, or herbivory) (Yang and Niu, 2003), and albedo is
prescribed by vegetation type. Noah-MP features four vegetation
carbon pools (leaf, stem, root, wood), and two  soil carbon pools
(fast and slow) (Yang and Niu, 2003). Vegetation dynamics con-
sist of prognostic LAI and greenness fraction as predicted by the
phenology model described above (Yang et al., 2011; Yang and Niu,
2003).
LPJ-wsl is a dynamic global vegetation model that simulates
coupled biogeography and biogeochemical responses to climate,
CO2, and disturbance (Sitch et al., 2003). Photosynthesis is based
on the biophysical approach described by Farquhar et al. (1980)
and stomatal conductance constrained by water limitation follow-
ing Haxeltine and Prentice (1996). Transpiration is estimated as
the minimum between potential evaporative demand (Monteith,
1995) and the water supply from two soil layers weighted by
root fractions. Maintenance respiration follows a modified Q10
approach (Lloyd and Taylor, 1994) and heterotrophic respiration
is both temperature and moisture limited (Foley, 1995). The upper
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soil depth is fixed at 0.5 m and the lower depth is 1.0 m (and an
additional simulation was conducted with 1.0 and 8.0 m layers),
with root fractions PFT specific (e.g., upper soil layer root fraction
set to 0.85 for tropical evergreen and 0.60 for tropical raingreen).
For the LBA-DMIP work, the associated tropical evergreen phen-
ology assumes no seasonal cycle. Leaf turnover occurs every two
years, senescing for the tropical raingreen PFT when soil moisture
drops below a critical threshold. Following respiration costs, carbon
is allocated to three biomass pools (leaf, sapwood and roots). Veg-
etation dynamics follow the original approach described by Sitch
et al. (2003), with the PFT composition fixed to the vegetation type
described for each site, and the fire module disabled for the LBA-MIP
simulations.
The ORCHIDEE model (Krinner et al., 2005) consists of a DGVM
coupled to the SECHIBA land-surface model (Ducoudré et al., 1993).
Its parameterization of photosynthesis follows the formulations
of Farquhar et al. (1980) and Collatz et al. (1992), while stoma-
tal conductance is computed via the technique of Ball et al. (1987).
As outlined in Ducoudré et al. (1993), transpiration is determined
by the gradient of specific humidity between the surface and
overlying atmosphere, subject to PFT-specific weightings of sur-
face types. ORCHIDEE’s maintenance respiration is calculated using
PFT-specific functions of (a) temperature and biomass and (b) nitro-
gen/carbon ratios (see Ruimy et al., 1996), while its heterotrophic
respiration is separately calculated via methods outlined by Parton
et al. (1988). Soil layering characteristics are site dependent, with
rooting distributions determined by availability of water, light and
nitrogen. By definition, vegetation phenology is prognostic and
is based on PFT-specific temperature and moisture constraints
(Krinner et al., 2005). In addition, ORCHIDEE computes albedo as
a weighted average of PFT-prescribed values, combined with a
static representation of bare-soil albedo (Krinner et al., 2005). With
respect to biopools, the model consists of four separate carbon
pools, plus total soil carbon (Verbeeck et al., 2011). Representa-
tion of vegetation dynamics and disturbance follows the approach
described in the LPJ model (Sitch et al., 2003).
The Community Land Model, version 3.5 (CLM3.5) is a global
land-surface model designed to provide surface albedos (direct
beam and diffuse for visible and near-infrared wavebands), upward
longwave radiation, sensible heat flux, latent heat flux, water vapor
flux, and zonal and meridional surface stresses required by atmo-
spheric models (Oleson et al., 2004). As a transition from version
3 to 4 of CLM, CLM3.5 incorporates several modifications to the
hydrological cycle, most notably a prognostic unconfined aquifer
(Oleson et al., 2008), and improved leaf-to-canopy scaling of pho-
tosynthesis. When coupled to a DGVM (as CLM-DGVM), PFT relative
abundances become prognostic, the DGVM now bridging PFT-
specific gross photosynthesis computed at the grid cell level by
CLM with individual-based allometry, following the LPJ concept
of an average individual (Levis et al., 2004). C3 photosynthesis is
based on the enzyme-kinetic models of Farquhar et al. (1980), with
C4 photosynthesis derived from the models of Collatz et al. (1992)
and Dougherty et al. (1994). An important modification in CLM3.5
was the addition of a nitrogen limitation factor to reduce Vcmax
(Oleson et al., 2008). Stomatal conductance is a function of photo-
synthesis, relative humidity, and CO2 concentration following the
work of Collatz et al. (1991) and Ball et al. (1987), with the excep-
tion that gross, instead of net, photosynthesis is used. Sunlit and
shaded leaves are treated separately for both photosynthesis and
conductance, and are integrated to canopy photosynthesis based
on their respective leaf-area indices. Transpiration is a function of
the specific humidity gradient between internal leaf surfaces at a
given leaf temperature and the atmosphere using a resistance ana-
log in which stomatal leaf boundary layer and atmospheric surface
layer resistances act in series, while sunlit and shaded leaf sto-
matal resistances act in parallel (Oleson et al., 2004). The canopy
air space is assumed to have negligible capacity to store water
vapor or heat. Atmospheric surface layer resistance is parameter-
ized using Monin–Obukhov similarity theory (Zeng et al., 1998).
CLM3.5, without a coupled biogeochemical model such as DGVM or
CN, does not simulate respiration. Conversely, CLM-DGVM follows
LPJ’s approach to modeling autotrophic and heterotrophic respira-
tion (Levis et al., 2004; Sitch et al., 2003). Autotrophic respiration
is the sum of maintenance respiration (for leaves, sapwood and
roots) and growth respiration, while heterotrophic respiration is
modeled as a function of soil moisture and temperature. The CLM
soil column is 3.4 m in depth, with 10 layers. Rooting distribution is
PFT-dependent and combines both root distribution and maximum
rooting depth data using the two-parameter distribution function
of Zeng (2001). Albedo is determined by the land-surface model,
but phenology can be either satellite-driven for CLM, or progno-
stic in the case of CLM-DGVM. Carbon pools, absent in the standard
version of CLM, are present in CLM-DGVM, and consist of leaf, root,
sapwood, heartwood, litter (above and below ground) and soil car-
bon pools (Levis et al., 2004). Vegetation dynamics in CLM-DGVM
include basic treatments of recruitment, three modes of mortality
(background rate, heat-induced, and PFT dieback when net annual
carbon accumulation is less than zero), competition among PFTs for
light and water, and disturbance from fire. Note that separate LBA-
DMIP simulations were carried out for CLM3.5 and CLM-DGVM,
hence the additional entry in Table 5.
4.3. Models that simulate dynamic vegetation, carbon fluxes and
nitrogen cycling
LBA-DMIP included six models that simulate dynamic vegeta-
tion, carbon fluxes and nitrogen cycling: CLM4CN, IBIS, ISAM, DLEM,
Biome-BGC and ED2.
The Community Land Model, version 4 with carbon and nitro-
gen biogeochemistry (CLM4CN (Lawrence et al., 2011; Oleson et al.,
2010)) builds on CLM3.5 in several ways. The most significant
enhancement is the addition of a carbon and nitrogen biogeo-
chemistry module (Randerson et al., 2009; Thornton et al., 2007,
2009) that is based on Biome-BGC (Thornton et al., 2002) and mod-
els prognostic carbon and nitrogen in vegetation, litter and soil.
Photosynthesis and conductance are essentially unchanged from
CLM3.5, except those related to ground evaporation. The parame-
terization of transpiration is identical to that in CLM3.5. In CLM4CN,
autotrophic respiration depends on temperature and tissue nitro-
gen concentration for live biomass (this excludes dead stem and
coarse root pools), and the total heterotrophic demand for mineral
nitrogen is expressed as the sum of potential immobilization over
all immobilizing steps in a structured pool cascade, as described
in Thornton and Rosenbloom (2005). The soil column is extended
from 10 to 15 layers; the top 10 are hydrologically active, and
identical to those in CLM3.5, while the bottom five layers repre-
sent bedrock and are used only for soil thermodynamics (Lawrence
et al., 2008). Rooting distribution is modeled as in CLM3.5. Veg-
etation phenology is prognostic with respect to both carbon and
nitrogen, and three distinct phenological types are represented
by separated algorithms: an evergreen type, a seasonal-deciduous
type, and a stress-deciduous type (Oleson et al., 2010). Repre-
sentation of surface albedo is unchanged from CLM3.5. CLM4CN
includes carbon and nitrogen states for three litter pools, four soil
organic matter pools, and a coarse woody debris pool, structured
as a converging cascade (as mentioned above in the context of
respiration response). Vegetation dynamics updates include the
addition of transient land cover/use change (Lawrence and Chase,
2010), and carbon dynamics are controlled by the biogeochemi-
cal carbon/nitrogen model. Natural vegetation dynamics are not
simulated in CLM4CN (hence the “N” entry in the rightmost col-
umn  of Table 5), although CLM4CN can be run as part of CLM4’s
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dynamic global vegetation model known as CNDV (Castillo et al.,
2012; Lawrence et al., 2011; Levis et al., 2004; Oleson et al., 2010).
The Integrated Biosphere Simulator (IBIS) model (Foley et al.,
1996; Kucharik et al., 2000) was built on the original GENESIS
(Global Environmental and Ecological Simulation of Interactive Sys-
tems) climate model’s Land Surface Transfer scheme, LSX (Levis
et al., 1996; Thompson and Pollard, 1995a,b), with the addition of
canopy physiological functions, terrestrial carbon cycling and vege-
tation dynamics. Its stomatal conductance is modeled as a function
of the photosynthesis rate, the carbon dioxide concentration and
atmospheric humidity (Ball et al., 1987; Leuning, 1995; Lloyd and
Farquhar, 1994). Photosynthesis is simulated using the approach
of Farquhar et al. (1980), and the equations for photosynthesis and
stomatal conductance are closed by the equations of Collatz et al.
(1991, 1992). Transpiration flux is modeled as a resistance analog
where the canopy conductance is calculated separately for each PFT
(Kucharik et al., 2000). Maintenance respiration for leaves is calcu-
lated as the product of Vmax and the respiration cost defined by
Collatz et al. (1991). For stems, it is calculated as the product of stem
carbon content, the Arrenhius temperature function and a mainte-
nance respiration coefficient. Root respiration is similarly defined
(Kucharik et al., 2000). Growth respiration is modeled after Amthor
(1984), with the carbon lost to growth equal to 30% of net pri-
mary productivity. Soil respiration follows the approaches of Lloyd
and Taylor (1994) and Linn and Doran (1984) for its temperature
and moisture dependency. The IBIS soil consists of six layers in the
LBA-DMIP simulations, with a depth ranging from 2 to 8 m across
the tower sites. Rooting profiles are defined by “beta” parameters
according to Jackson et al. (1996, 1997). IBIS’s vegetation phenology
module simulates budburst, dormancy and leaf fall using parame-
terizations that are based on the algorithms of Botta et al. (2000).
Model biopools consist of three vegetation pools (leaves, wood and
roots) and twelve soil carbon pools. Changes in natural vegetation
structure over time are accounted for by using a simple competition
method, characterized by the relative abilities of plants to capture
light and water from common resource pools in order to fix carbon.
The Integrated Science Assessment Model (ISAM) is a process-
based land surface model, with detailed representation of
terrestrial biogeochemical and biogeophysical processes, includ-
ing land use change (LUC) and secondary forest regrowth
dynamics (Jain et al., 2009; Jain and Yang, 2005; Yang
et al., 2009). Photosynthesis is computed using a coupled “leaf
temperature–photosynthesis–stomatal conductance” model (Dai
et al., 2004). This utilizes leaf-level photosynthesis models for the
C3 (Collatz et al., 1991; Farquhar et al., 1980) and the C4 enzyme-
kinetic pathways (Collatz et al., 1992), partitioned into sunlit and
shaded leaves (“Two big-leaf” formulation). Canopy transpiration is
also partitioned into sunlit and shaded components, with each cal-
culated using two tunable parameters: the stomatal conductance
slope and the stomatal conductance intercept (Collatz et al., 1991;
Dai et al., 2004; Sellers et al., 1996). Autotrophic respiration is the
sum of maintenance and growth respirations. Maintenance respi-
ration is calculated separately for leaves, stems, and roots (coarse
and fine) using a temperature-dependent Q10 factor (El-Masri et al.,
2013). The growth respiration for each pool is assumed to be a fixed
percentage (25%) of the difference between GPP and maintenance
respiration (Sitch et al., 2003). Heterotrophic respiration is calcu-
lated as a sum of carbon release from above and below ground
litter and soil carbon pools (Yang et al., 2009). The vertical soil
column (approximately 50 m)  is represented by 15 layers, which
include 10 hydrologically active top layers, and 5 hydrologically
inactive bedrock layers (Lawrence et al., 2008). The soil node depths
increase exponentially with depth, with a finer resolution in the
topsoil to simulate better heat and water transfer in the root zone
(Barman et al., 2013). The phenology implemented in the ISAM is
based on Arora and Boer (2005) and White et al. (1997), with some
modifications to include a water stress factor that triggers senes-
cence for herbaceous biomes (White et al., 1997) and the use of
a minimum LAI to indicate the start of the leaf fall period. Surface
albedo is prognostic, and is resolved into ground albedo (function of
soil color and wetness), exposed vegetation albedo (function of leaf
orientation, leaf/stem reflectivity and transmissivity, and ground
albedo), and snow albedo. The ISAM recognizes eight vegetation
pools and eight litter and soil organic matter pools (El-Masri et al.,
2013; Yang et al., 2009). The biogeochemistry component of the
ISAM accounts for spatial and temporal patterns of forest and non-
forest cover changes, natural fire regimes, and nitrogen deposition,
as well as their impacts on plant and soil carbon and nitrogen stocks
(Jain et al., 2006, 2009; Jain, 2007; Jain and Yang, 2005; Tao and Jain,
2005; Yang et al., 2009).
The Dynamic Land Ecosystem Model 1.0 (DLEM 1.0) is a highly
integrated process-based terrestrial ecosystem model that simu-
lates daily carbon, water and nitrogen cycles driven by changes in
atmospheric chemistry (including ozone, nitrogen deposition and
CO2 concentration), climate, land-use and land-cover types and dis-
turbances (Liu et al., 2012; Lu et al., 2011; Ren et al., 2011; Tian
et al., 2010a,b, 2011a,b, 2012). DLEM includes five core compo-
nents: (a) biophysics, (b) plant physiology, (c) soil biogeochemistry,
(d) dynamic vegetation and (e) land-use, disturbance and manage-
ment. Photosynthesis is modeled using a modified Farquhar et al.
(1980) approach (Bonan, 1996; Collatz et al., 1991, 1992; Dougherty
et al., 1994; Sellers et al., 1996) in which the canopy is divided
into sunlit and shaded layers. DLEM 1.0 simulates canopy tran-
spiration using a Penman–Monteith formulation as described in
Wigmosta et al. (1994). The model estimates both maintenance and
autotrophic growth respiration. Growth respiration is calculated
as 25% of all assimilated carbon, while maintenance respiration
is related to nitrogen content and adjusted with scalars of tem-
perature and growth season as in the approaches used by Ryan
(1991) and Lloyd and Taylor (1994). Soil respiration is controlled
by soil temperature, moisture, and available nitrogen for mobi-
lization. DLEM 1.0 has two soil layers, one from the surface down
to 50 cm,  and the other between 50 cm and 150 cm. Phenology is
semi-prognostic, and albedo is prescribed from PFT. The DLEM 1.0
model distinguishes six vegetation carbon pools (storage organ,
leaf, heartwood, sapwood, fine root, and coarse root) for trees and
shrubs, five vegetation carbon pools (storage organ, leaf, stem, fine
root, and coarse root) for herbaceous vegetation, and three soil car-
bon pools, plus an additional seven pools for litter. As mentioned
above, DLEM 1.0 simulates vegetation dynamics (e.g., mortality,
senescence) and disturbances (e.g., fire, land-use change, blow-
downs).
Biome-BGC (Biogeochemical Cycles) prognostically simulates
fluxes of energy, water, carbon and nitrogen for vegetation, litter
and soil pools (Thornton et al., 2002). It uses the Farquhar et al.
(1980) approach for photosynthesis and a Jarvis-type model (Jarvis,
1976) for stomatal conductance. Transpiration is estimated using
the Penman–Monteith equation, and depends on leaf-scale aero-
dynamic conductance as well as stomatal conductance (Thornton
et al., 2002). Autotrophic respiration is partitioned into mainte-
nance respiration – calculated as a function of nitrogen content
in vegetation pools, air or soil temperature – and growth respira-
tion, which is a simple proportion of total new carbon allocated to
growth. Heterotrophic respiration is calculated as a function of soil
temperature, moisture and carbon content. The Biome-BGC model
has a single soil water pool, and does not include a vertical soil
water layer, root hydraulic redistribution, or vertical distribution
of root density. Canopy phenology is prognostic, such that seasonal
growth consists of growth stored from the previous season dis-
played in the current season, as well as current growth (Thornton
et al., 2002). Albedo is prescribed following the PFT-based estimates
of Dorman and Sellers (1989). Biome-BGC includes a total of seven
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vegetation pools, four litter pools and four soil pools. The vegetation
type is prognostic, with the model simulating structural changes
over time via interacting functions of disturbance history, meteo-
rology, and prescribed ecophysiological vegetation characteristics.
The LBA-DMIP simulations used the default Biome-BGC ecophysi-
ological parameter set (White et al., 2000), except in the case of the
evergreen broadleaf forest PFT (Ichii et al., 2007).
Version 2 of the Ecosystem Demography Biosphere Model (ED2)
is an integrated terrestrial biosphere model incorporating hydrol-
ogy, land-surface biophysics, vegetation dynamics and soil carbon
and nitrogen biogeochemistry (Medvigy et al., 2009; Moorcroft
et al., 2001). C3 photosynthesis follows the approach of Farquhar
and Sharkey (1982), while C4 carbon assimilation is modeled after
the work of Collatz et al. (1992). Stomatal conductance is coupled to
photosynthesis using the model of Leuning (1995). Transpiration is
a function of stomatal resistance and water supply and demand.
It is calculated as the sum of open-stomate and closed-stomate
transpiration rates, weighted by the relative proportions of each
in the canopy. The proportion of open stomata is computed as the
ratio of water supply to the sum total of water supply and demand,
and the proportion of closed stomata is the remainder. Mainte-
nance respiration for autotrophs is partitioned into leaf, root and
storage components. Leaf respiration and leaf turnover are treated
separately in ED2; the former is a cost of photosynthesis, and the
latter is a maintenance cost which is related to leaf drop. Thus,
leaf maintenance is calculated as the (PFT-based) leaf turnover rate
multiplied by leaf biomass, adjusted by a temperature dependency.
Similarly for roots, maintenance respiration is estimated as the
root turnover rate (also PFT-prescribed) multiplied by root biomass,
again adjusted for temperature dependency. In the case of the trop-
ical biomes studied in LBA-DMIP, storage maintenance is set to a
constant value of zero. Growth respiration is calculated as the prod-
uct of daily carbon gain and a PFT-dependent growth respiration
proportion. Soil respiration is moisture and temperature limited.
The ED2 soil properties are based on Cosby et al. (1984). Soil depth
is site specific, and rooting depth is a function of tree height (Schenk
and Jackson, 2002). Water is extracted from the soil relative to the
demand of the individual plant and the root biomass. Vegetation
phenology is fully prognostic in the model, not constrained by satel-
lite data. For tropical environments such as in the LBA-DMIP study,
drought-deciduous trees can drop their leaves when soil moisture
falls below a certain threshold value. Albedo is calculated from
the two-stream radiative transfer model, as well as soil type and
moisture. ED2 has three active carbon pools that are allocated on
a daily basis: leaf, fine roots and sapwood. There is also a storage
pool which holds excess carbon. In addition, there is a structural
(stem) pool which is grown every month from the storage pool
provided that the vegetation is not under drought stress. Four soil
pools are discerned, consisting of fast soil carbon, structural soil
carbon, structural soil lignin and slow soil carbon. With respect to
vegetation dynamics, ED2 is a size- and age-structured model and
includes both anthropogenic (although not included in the LBA-MIP
runs) and natural disturbances such as fire and wind throw. Indi-
viduals compete directly against one another for light and water
resources, and both density independent and density dependent
mortality are imposed.
5. Conclusions
This overview paper presents a detailed description of the data,
models and methods that define the foundation for LBA-DMIP. The
project was motivated by the following overarching questions: (a)
When do different LSMs produce better simulations when driven
by identical meteorological inputs? (b) How do models with differ-
ent complexities reproduce diurnal, seasonal and annual cycles of
surface fluxes? What are the magnitudes of uncertainties? (c) How
are land surface process controlled by water, energy and carbon
fluxes? (d) What is the partitioning, variance, spatial distribution,
and interannual variability of water and energy fluxes in response
to atmospheric drivers? (e) What are the links between soil pro-
cesses and drier climate over Amazon? (f) What can we learn from
LSMs about the interactions between water, energy and carbon in
the forest–savanna–pasture ecosystem?
This work paved the way for a number of studies aimed at
improving the understanding of the sensitivity of Amazonia to
climate variation, addressed by means of a detailed data intercom-
parison. It was conducted by the modeling community using a suite
of land surface and terrestrial ecosystem models. From analysis
of field data and comparison of modeled terrestrial energy, water
and CO2 fluxes with long-term observations of these quantities, a
number of general conclusions can be drawn from a selected list of
companion papers and other publications.
1. Restrepo et al. (this issue) conducted a cross-site analysis of
flux-tower measurements in order to gain insight into the spa-
tial and seasonal patterns of photosynthetic activity across the
Amazon basin as well as the effects of land-use conversion on
it. They found that ecosystem-level photosynthesis, as repre-
sented by gross ecosystem production (GEP), is not seasonally
water-limited in equatorial Amazonian forests. Conversely, sea-
sonal patterns of GEP consistent with increasing water stresses
emerge as one transitions southeastward to drier forests (due in
part to shallower soils and a weaker relationship between evapo-
transpiration and net radiation), then on to converted pastures,
and finally savanna. Their results suggest that the seasonality
of GEP in undisturbed tropical forest ecosystems is driven by
complex covariance of adaptive mechanisms (e.g., timing of leaf
flush/fall; rooting depth) and sunlight availability, rather than
simple variations in water or sunlight availability. Their study
also emphasizes the importance of maintaining long-term eddy
flux observations in the Amazonia, especially in conjunction with
associated biometric measurements, including leaf litterfall and
woody increment measurements.
2. Incorporating both flux-tower data and outputs from the full
suite of LBA-DMIP participant models, von Randow et al. (this
issue) concentrated on carbon and water fluxes at the tower
sites. They looked at modeled annual totals of NEE and ET,
as well as their interannual variability, which frequently were
found to be different from what was  observed at the towers.
On the other hand, means of the simulated outputs tended
to respond similarly to what was  observed in the tower, with
notable exceptions: (a) observed interannual variability of NEE
was mainly influenced by annual precipitation at the forest sites,
but simulated interannual variability was driven by both annual
precipitation and radiation; (b) interannual variability of ET is
strongly controlled by annual variations of radiation, a relation-
ship that is well-captured by the mean of the models. These
findings suggest that future climate scenarios of decreases in
precipitation could weaken terrestrial CO2 uptake in Amazonia,
so although surface models are able to reproduce, to some extent,
these general responses, more development is still necessary in
their representations of interannual variability.
3. Focusing on the behavior of a single land surface model, El-Masri
et al. (2013) used flux-tower observations to improve ISAM’s
estimates of carbon fluxes and stocks at eight of the tower sites.
They calibrated the model with data from K34 for testing at four
additional forest sites, and from FNS for one additional pasture
site (PDG was used as both a calibration and test site as it was
the only savanna flux tower). Modeled estimates of total biomass
ranged from 0.9 to 20.8 kg C/m2/year for pasture (K77) and forest
(K34) sites, respectively. Nearly all forest sites, except for K67,
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had lower ratios of NPP:GPP (0.4) than the savanna and pasture
sites, which are 0.5. They hypothesized that the ratio at K67 is
elevated due to higher NPP. Estimates of soil carbon were low-
est at K77 (pasture) and highest at the K34 forest site. All forests
sites were found to be net sinks for CO2, while PDG and FNS
(savanna and pasture) were neutral, and K77 was a net source of
carbon. ISAM’s accurate representation of soil carbon dynamics
was illustrated by agreement to the flux-tower measurements
within 4.5%, and in fact, all simulated carbon fluxes from ISAM
fell within the uncertainty ranges of the tower data, although the
authors point out that seasonal variations in leaf-litter produc-
tion still need work.
4. Baker et al. (this issue) also concentrated on simulations from a
single land surface model, SiB3. Their intents were (a) to demon-
strate the ability to capture mean annual cycles of biophysical
behavior across vegetation and moisture gradients and (b) use
SiB3’s ability to partition processes in order to formulate more
detailed descriptions of mechanisms in model simulations. They
used SiB3 outputs of latent heat, sensible heat, and carbon fluxes.
These were compared against observations from five tower sites:
K34, K67, K83, RJA and PDG. Their results suggested that in the
northwest (K34), ecosystems are light limited, with consistently
low Bowen ratios and carbon fluxes that are determined by high-
frequency variability in light and moisture availability (i.e., no
seasonality). Moving southeast, the dry season length was more
clearly defined, with a dry-season carbon sink evident in both
modeled and observed data. This was due to increased photo-
synthetic production (greater availability of light) and decreased
respiratory efflux (drier soils). In still-drier regions, water and
carbon fluxes were in-phase, with carbon uptake during the
rainy season and loss during the dry season. At the driest site
(PDG), a large annual cycle in latent and sensible heat fluxes was
also evident. Overall, there were no consistent biases present in
net radiation or latent heat flux; however, there was  a positive
bias in sensible heat flux across all tower sites. Given the mini-
mum  of localized model tuning performed, these were certainly
encouraging results.
5. Although it is common to use a single site example of a PFT
to generalize for multiple sites, multi-site calibration is achiev-
able in the case of a small number of relatively homogeneous
sites. Fischer et al. (this issue) conducted such a calibration for
a single PFT (pasture) at FNS and K77. They designed 20 objec-
tive functions that consisted of five adjustment measures (i.e.,
cost functions) to be combined with four parameter-weighting
scenarios (just FNS, just K77, their unweighted mean, and their
mean weighted proportionally to data series length). All were
evaluated to investigate the consistency and sensitivity of NEE
as simulated by the SITE land surface model (Santos and Costa,
2004). They noted that the choice of objective function should be
based on the intended use, and found that for short time scales,
unweighted means combined with mean-absolute error as an
adjustment measure performed best. For longer time scales,
an unweighted mean combined with the maximum bias error
adjustment measure was preferable.
6. The network of meteorological data was used to drive a suite
of land surface ecosystem models to investigate what controls
ET, and in particular how well models capture the observed
diurnal and seasonal cycles of ET across sites. In assessing mech-
anisms responsible for differences in model performance, it was
found that soil moisture storage capacity was an important fac-
tor in ability of models to match observed seasonal cycles. Soil
moisture storage capacity is not routinely measured at all flux
tower sites, but such measurements could improve the ability
to discriminate empirically among different model mechanisms
used to match observed seasonal patterns (Christoffersen and
the LBA-DMIP & BrasilFlux Team, 2009).
In summary, this collection of papers, along with others
appearing elsewhere, answers some of the overarching questions,
though not all. The LBA-DMIP was an international effort organized
around a NASA funded project through its Terrestrial Ecology Pro-
gram, but moreover it brought together a number of groups and
individuals from the international ecobiogeochemistry modeling
community dedicated to improving the understanding of how the
Amazon works given its diverse ecosystem. It is likely that there
will be new science originating from this project for many years,
and this set of articles represents one in a series of building blocks.
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Appendix A. Data and modeling protocols
1. Atmospheric forcing data sets
The forcing data are ALMA-compliant, multi-year consistently
filled meteorological observations from selected LBA flux towers
(BrasilFlux network), including boundary conditions (site loca-
tion, biome type, soil type and initial data). The data are for
periods between 1999 and 2006 in UTC 00:00 time, the exact
time coverage being determined by site-specific data availability
(see Table 3). Forcing data sets include:
a. air temperature
b. specific humidity
c. wind speed
d. downward long wave radiation at the surface
e. surface pressure
f. precipitation
g. shortwave downward radiation at the surface
h. CO2 is set to 375 ppm
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These atmospheric drivers are provided at 1-h time-step as
ALMA-compliant ASCII and NetCDF format files. Models use lin-
ear interpolation (except for solar radiation, where zenith angle
would be more appropriate) if they are run at shorter than a 1 h
time step. These data are available from the LBA-MIP website.
2. Phenological information
Models with dynamic vegetation (DGVMs) are run in the
mode in which they generate their own phenology (e.g., leaf-
area index, LAI), and the value of LAI is reported in the outputs.
To facilitate inclusion of those models which cannot prognos-
tically simulate dynamic vegetation structure and phenology, a
standard set of monthly LAI values derived by a phenology model
(Stöckli et al., 2008) or MODIS-derived phenological information
are provided. It should be recognized that known remote sensing
technical and physical uncertainties mean these data may  be
unreliable. However, to minimize these effects, aggregations of
the best quality filtered satellite phenological information are
derived for each tower site. To facilitate comparison between
models and to explore the effect of differences between dynamic
vegetation model-derived and MODIS-derived vegetation phe-
nologies, DGVMs are run in two modes if possible: i.e. in
prognostic mode (in which leaf phenology is simulated) and
in forced mode (in which model phenology is forced by val-
ues derived from the MODIS or phenology-model (Stöckli et al.,
2008)). As not all sites allow for constant LAI values (e.g., PDG
or FNS), participants are encouraged to use LAI values in the fol-
lowing priority: modeled LAI, MODIS-derived monthly LAI and
then MODIS-derived constant LAI.
3. Vegetation structure
A few of the eddy flux sites also have data on vegetation
structure, for example: aboveground live biomass and biomass
increment, litterfall rates, stocks of coarse wood debris, and soil
respiration.
4. Initialization and spin-up
Model physics and biophysics are initialized as follows:
a. Soil moisture in all layers set to 0.95 of saturation (porosity).
b. Soil temperature in all layers set to the mean of the yearly air
temperature.
c. Because reliable carbon and nitrogen pool observations are
not available, soil carbon, living biomass, etc. are spun up
according to the best practices for each model, and the spin
up procedure used is documented.
d. Initial CO2 values are assumed as steady-state.
Spin-up for model physics and biogeochemistry use one of the
following procedures:
a. Replicate the driving data set to achieve a 10–15 year simula-
tion run.
b. Replicating the driver data set until the mean monthly soil
moisture does not deviate by more than 0.1% from the previ-
ous year.
5. Model output
Output is provided at 1-h time-step, in UTC time in NetCDF for
the variables listed below. The values of state variables are given
at the end of each time-step, fluxes are averaged values over a
time-step, and storage change variables are accumulated over
each time-step.
a. Model states and outputs
i. Carbon fluxes: GPP, NPP, and Re.
ii. Energy balance and hydrology: sensible and latent heat
flux, net radiation for short and long wave, and runoff.
iii. Surface soil temperature and soil temperature by layer.
iv. Soil moisture at the surface and soil moisture by layer.
v. Soil carbon (total, and by pools where possible, including
separate litter pool).
vi. Input parameters, re-output at the time resolution to sim-
plify analysis.
vii. Parameters table used for soil description at each site
and run, as well as other model assumptions (e.g. rooting
depth).
b. Vegetation dynamics (if applicable)
i. Vegetation carbon (total, leaves, roots, woods, etc. if possi-
ble).
ii. Tree mortality, recruitment, and growth (in carbon flux and
as annual rates) broken down by components if possible
(total, leaves, roots, and wood).
If a variable is not deliverable, it is replaced by the value of
−999.99 that represents either undefined or missing value.
Model diagnostic variables comply with the following radia-
tion energy and water conservation equations. Participants are
required to check against these before submitting their results.
This ensures that diagnostics, units and timings of the submitted
results are appropriate for the analysis. For radiation:
SWnet + LWnet − Qh − Qle − Qg = DelCanh
dt
where SWnet,  LWnet,  Qh,  Qle, and Qg represent net short-wave
radiation, net long-wave radiation, sensible heat flux, latent heat
flux, and ground heat flux, respectively, in W/m2. The right-hand
term, DelCanh/dt, is the canopy heat storage flux (also in W/m2).
Water balance (residual at all times is less than
1 × 10−6 kg/m2/s):
Rainf + Snowf − Evap − Qs − Qsb + Qrec
= DelIntercept + DelSrfStor + DelSoilMoist
dt
where Rainf, Snowf,  Evap, Qs,  Qsb and Qrec are the rates (in kg/m2)
of rainfall, snowfall, total evapotranspiration, surface runoff,
subsurface runoff, and recharge. The term on the right-hand side
of the equation, (DelIntercept + DelSrfStor + DelSoilMoist)/dt,  is the
rate of change in storage for interception, surface water, and soil
moisture, respectively (in kg/m2/s). For the LBA towers neither
snow nor ice is separately diagnosed since these states are not
likely to occur. Where this is a problem for closing the energy
and water balance above, snow states and fluxes are added to
respective water state and flux variables. If a model needs addi-
tional diagnostic radiation, heat and water storage terms (e.g.
canopy air space water and heat storage) on the right-hand side
of the above equations, they are added to the diagnostic output
and noted appropriately.
6. Important Note on Data-Use Policy
In accordance with LBA data sharing policy these data are
freely available to all LBA researchers (http://www.lbaeco.org/
lbaeco/data/data poldoc.htm; see policy #2). Note, in particular,
that policy #7 states that:
Where data are used for modeling or integrating studies, the sci-
entist collecting the data will be credited appropriately, either
by co-authorship or by citation. The data collectors should be
informed of publication plans well in advance of submission of
a paper, given an opportunity to read the manuscript, and be
offered co-authorship. In cases where data from other investi-
gators are a minor contribution to a paper, the data should be
referenced by a citation. Users of the data will always have to
state the source of the data.
Please note that, notwithstanding the availability of this com-
mon  driver data set, the LBA data sharing policy still requires
any author or presenter of this data to contact and appropriately
credit PIs from individual projects that generated the data used.
The necessary contact information is given in Table 1.
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